Abstract Water surface infrared images were obtained during the GASEX2001 experiment in the South Equatorial Pacific waters and during the laboratory experiment in the AEOLOTRON wind wave tank at University of Heidelberg in October 2004. The infrared imagery during these experiments reveals coexistence of roller type turbulence and intermittent breaking events. Previous interpretations of the infrared images relied on the surface renewal model, in which the water surface is assumed to be occasionally renewed by bursts of turbulent eddies reaching the water surface. A new complementary model (eddy renewal model) based on stationary and spatially periodic turbulent eddies is developed to reinterpret the infrared images of near surface turbulence. The model predicts warm elongated patches bounded by cold streaks aligned with mean wind, being consistent with field and laboratory infrared images. The model yields bulk temperature estimates and mean heat flux estimates that are very close to those based on the surface renewal model.
Introduction
In any air-sea climatological model, the importance of the transfer between ocean and atmosphere of gasses (especially greenhouse gasses such as CO2) cannot be understated. However, the physical processes responsible for such transfers are still poorly understood. Compounding the issue is that the transfers are affected by many variables, including, but not limited to, wave action, wind speed, temperatures of atmosphere and seas, concentrations of gasses, coefficients of molecular diffusivity, and condition of surface waters (e.g. presence of surfactants).
Recently, methods have been developed to study air-sea gas transfer using heat as a proxy tracer, since water surface temperature can be measured accurately using infrared imaging. Thus, much of the research of air-sea gas transfer has been focused on understanding the mechanisms of heat transfer. In order to understand the mechanisms, mathematical models have been developed to explain heat transfer due to turbulent eddies. The surface renewal model (e.g., Garbe et al. [2] ) has been commonly used to describe the near surface turbulence statistically and to estimate the resulting heat flux. Atmane et al. [1] have proposed a random eddy model to explain the near surface process. The model is an extension of the surface renewal model to include the eddy approach distance as a new parameter. The model was applied to experimental results using the active controlled flux technique and yielded improved transfer velocity estimation.
These models assume that water surface is periodically renewed by turbulence; the renewal occurs instantaneously in time and spatial variability of the turbulence is negligible. Such assumptions may be appropriate to simulate passage of breaking wave fronts that occur intermittently. However, these models are not consistent with visual observations of near surface temperature fields away from breaking events. Infrared images of the surface temperature distribution are typically quite stationary in time but are variable (often streaky) in space, suggesting that near surface turbulence eddies are also quasi stationary and are elongated in the mean wind direction.
This study proposes a simple model of scalar transfer due to stationary two dimensional wind generated turbulent eddies. The objective here is to provide a more realistic theoretical framework to interpret infrared images of air sea interfaces under low to moderate winds. In Sections 17.2 and 17.3 the model is presented and is compared with the surface renewal model. The new model is then applied to infrared images obtained in laboratory and field conditions in Section 17.4.
Eddy Renewal Model and Surface Renewal Model
In observing the infrared images of the air-water interface under low to moderate winds, it appears that distinct roller type turbulence patterns exist. The images often show elongated patches of warm water alternating with cold water streaks, with their long axes aligned with the predominant wind direction (e.g., Figure 17 .4a). These eddies exhibit the characteristics of Langumir turbulence that is distorted by the wave induced Stokes drift, although the origin of these eddies are not clear. If near surface turbulent eddy motions are detected from such images, it is in principle possible to solve for heat transfer caused by such motions explicitly and estimate the resulting air-water heat transfer velocity. Furthermore, if the turbulence field is taken to be time independent, it is possible to construct a relatively simple model where bulk water is constantly being advected up, spreading out at the surface, and sinking down near the downwelling regions, during which the advected water is continuously cooled by molecular diffusion.
Let us assume that the surface turbulence is visualized as two-dimensional eddies whose cross section looks like Figure 17.1; this gives the general physical description of long "rollers" spinning next to each other but in alternating directions, creating alternating regions of upwelling and downwelling, as first described by Lamont and Scott [3] . When temperature is added to the model, this equates to regions of warm water upwelling, cooled water downwelling and regions of fairly constant temperature between. While Lamont and Scott [3] studied such a model with eddies bounded by both top and bottom boundaries, we examine eddies that are bounded by the top free surface boundary only, in order to simulate roller type turbulence interacting with the air-sea interface. We will call our model an "eddy renewal model" in contrast to the existing "surface renewal model".
Let us define a coordinate system such that x and y are in horizontal and z is in vertical (upward) from the mean water surface. The mean wind and wave direction is set to be in positive y. The equation governing the temperature field T is written as
where (u, v, w) are water velocities in (x, y, z) directions, and κ is the molecular diffusivity. The surface boundary condition is set to
where j H is the surface heat flux, k is the thermal conductivity, ρ is the water density, and C P is the specific heat. It is assumed that j H is mainly controlled by the atmospheric turbulence and is speficied a priori for the water side problem considered here. The temperature is assumed to be uniform (T b , called "bulk temperature") below the diffusive sublayer;
If the turbulent eddies are assumed to be uniform in y and stationary in t, the equation is simplified to
It is further assumed that the water velocity at the surface is periodic with a wavenumberk such that
Then, the Taylor expansion in vertical around z = 0 yields
and the continuity requires that
hence,
Let us introduce the following nondimensional variables:
where δ is the depth scale of the diffusive sublayer and is determined by the diffusivity κ and the surface divergence scaleku 0 . Then, the normalized governing equation and boundary conditions become
Therefore, provided the diffusive sublayer depth is much smaller than the wavelength of the eddies (kδ 1), heat diffusion is governed by a single set of governing equation and boundary conditions, regardless of the size and intensity of the turbulent eddies. (Here, it has been assumed that the surface viscous shear stress does not affect the scaling of ∂u/∂z, since the stress applies in y direction.)
The solution of Equations (17.11) to (17.13) can be obtained numerically. Before discussing the solution, however, let us contrast this problem to the surface renewal model. The assumptions of the surface renewal model are that the water velocity is zero (except during the instantaneous renewal event) and that the horizontal gradient of the temperature is negligible. These assumptions lead to the governing equation,
where τ is the renewal time scale and ατ is the actual interval between the renewal events (the coefficient α is determined later), and the boundary conditions,
and
The initial condition at t = 0 is given as
If we introduce the following nondimensional variables 20) and the boundary conditions become 
By comparing Equations (17.10) and (17.19), it is evident that the renewal time scale τ in the surface renewal model is equivalent to the inverse of the surface divergenceku 0 in the eddy renewal model. In fact, the inverse of the surface divergence can be interpreted as a time scale over which a water parcel travels from the upwelling region to the downwelling region.
In Figure 17 .2 the solution of our eddy renewal model from Equation (17.11) to (17.13) is compared with the solution of the surface renewal model presented in Equations (17.20) to (17.23). In order to make the comparison easier, the coefficient α is set 5.54 so that both the mean surface temperature and the surface heat flux are identical between the two models. (That is, the actual (dimensional) interval between the renewal events in the surface renewal model is 5.54 times the inverse of the surface divergenceku 0 in the eddy renewal model if the two eddies yield the same heat transfer velocity.) In addition, the temperature scale is adjusted so that the normalized mean surface temperature is equal to −1.
The result of the eddy renewal model clearly shows that water is advected up toward the surface, along (and just below) the surface, and then down, while it is continuously cooled. Rather than the motion of the water being described by an instantaneous event, the motion is described as a continuous flow from upwelling to downwelling. Once the water has moved down sufficiently far from the surface, it is assumed that the turbulent motions of the mixed layer will blend the downwelled water with the existing mixed layer.
One obvious difference between the eddy renewal model and the surface renewal model is that the bulk temperature is never observed on the surface of the eddy in the former. This difference can be easily explained.
In the surface renewal model, the process that transfers water to the surface is assumed to be instantaneous. That is, no time is given for the bulk water advected to the surface to cool. The eddy renewal model allows for the bulk water to be cooled as it is advected closer to the surface. The strength of the cooling is based on the strength of the vertical motions of the eddy.
Another way to interpret the difference between the models is to compare the histograms of surface temperature (Figure 17.3) . In the surface renewal model, the water reaches colder temperatures more quickly than it does in the eddy renewal model. However, the maximum value of the bulk temperature is never observed at the surface in the eddy renewal model. This leads to two very different temperature distributions. With the eddy renewal model, the histogram increases with temperature up to the maximum temperature, which is still lower than the bulk temperature, and then suddenly decreases to zero. The histogram of the surface renewal model, on the other hand, decreases with temperature but remains above zero all the way to the bulk temperature.
Heat Flux Estimates from the Two Models
The solution of the surface renewal model in Equation (17.24) shows that the temperature at the water surface varies like 
and the rate of change of surface temperature is
The product ofT and dT /dt isT
in a dimensional form. Therefore, if simultaneous measurements are made of both (T − T b ) and dT /dt for any pixel in an infrared image, it is possible to estimate the heat flux at this pixel as
as shown by Garbe et al. [2] .
With the eddy renewal model, the rate of change of surface temperature following a fluid parcel is
Therefore, the heat flux is expressed as
Unlike the surface renewal model, the product (T −T b ) dT / dt is not uniquely related to the heat flux but the relationship depends onx, that is, depends on where the pixel is located relative to the eddy below. However, if the estimates of (T − T b ) dT / dt are averaged over many pixels, the results can be related to the averaged heat flux as 
Application to Real Infrared Images
We now apply the eddy renewal model to actual infrared images of airwater interfaces. First the images obtained during the GASEX2001 experiment in the South Equatorial Pacific waters are used. An example of the surface image (128 by 128 pixels corresponding to roughly 0.5 m by 0.5 m) is shown in Figure 17 .4a. The mean wind is from right to left and the image shows cold streaks that tend to be parallel to the wind. The first step of the analysis is to examine the temperature variation along a vertical column of pixels (perpendicular to the wind) as shown by the + symbols in Figure 17 .4e. Next, local temperature maxima (red + symbols) and minima (blue + symbols) are identified, and each interval between a maximum point and a neighboring minimum point is defined as one eddy. For each eddy, the theoretical temperature variation curve of the eddy renewal model (green lines) is fitted (with the least square error method) to estimate the bulk temperature below the eddy (red lines). Eddies consisting of 4 pixels or less tend to yield less accurate estimates of the bulk temperature and are excluded from this analysis. Since our eddy renewal model solution is not strictly valid at the downwelling location, the minimum temperature point within each eddy is not used in the best fit analysis. typical signatures with round high temperature "crests" and sharp low temperature "troughs", which are very similar to the evolution of the surface temperature predicted by the eddy renewal model. The local estimate of the bulk temperature varies from eddy to eddy but is consistently above the observed maximum temperature of each eddy. After the same analysis is performed along all 128 columns, the resulting fitted temperature field is shown in Figure 17 .4b, in which the local minima are identified by black pixels. Our method is able to identify cold streaks clearly because the locations of the temperature minima tend to vary slowly in the wind direction. This suggests that the near surface eddies are indeed elongated in the mean wind direction. The model also reproduces the observed temperature field very well (compare Figure 17.4a and Figure 17 .4b). The corresponding (eddy by eddy) estimates of the bulk temperature are presented in Figure 17 .4c. Again, the variation from one column to the next is relatively small.
The mean of the estimated bulk temperature is 25.75 degree and the mean observed surface temperature is 25.67 degree. If the surface renewal model is applied and the bulk temperature of this image is estimated from the distribution of the observed temperature using the method proposed in Garbe et al. [2] , the bulk temperature is estimated to be 25.74 degree, which is almost identical to our estimate based on the eddy renewal model. The major difference, however, is that our approach yields not only the mean but the variability of the bulk temperature estimates. The histogram of the observed surface temperature distribution and the histogram of the estimated bulk temperature exhibit similar overall variability as seen in Figure 17 .4f and 17.4g. This is somewhat surprising since the variation of the bulk temperature is expected to be much less than that of the surface temperature. It is likely that our analysis overestimates the variability of the bulk temperature because fitting the theoretical temperature profile to each eddy is never perfect and introduces some error in the bulk temperature estimate.
When our analysis is applied to a sequence of images, the variations of the mean surface temperature and the bulk temperature may be investigated as shown in Figure 17 .5. Overall, the variation of the bulk temperature is very small (less than 0.05 degree over 500 images corresponding to 5 seconds). The bulk temperature estimates with our eddy renewal model (average of the estimates from eddy by eddy fit to the theoretical curve) are surprisingly close to the estimates with the surface renewal model (estimates from the surface temperature distribution of each image) using the method of Garbe et al. [2] .
If smaller eddies (4 pixels or less) are included in our analysis, the eddy by eddy bulk temperature estimates show more scatter but the mean estimate per image remains very similar to the estimate without smaller eddies, suggesting that our method is not sensitive to filtering of small scale eddies. Finally, the same analysis based on the eddy renewal model is applied to laboratory data obtained during the laboratory experiment at AE-OLOTRON wind wave tank at University of Heidelberg in October 2004. An example of the infrared image and the results of the analysis are presented in Figure 17 .6a to 17.6g. Overall, the results are qualitatively very similar to those with the field data. The estimated mean surface and bulk temperatures are 25.21 and 25.31 degrees, respectively. The bulk temperature estimate based on the surface renewal model is 25.32 degrees, which is again very close to our estimate. patches bounded by cold streaks, both being parallel to the wind direction.
Conclusion
Unlike the surface renewal model, the eddy renewal model predicts that the product of the local temperature depression (relative to the bulk temperature) and the local rate of change of temperature (following a fluid parcel) is not uniquely related to the local heat flux. Nevertheless, if such products are averaged over many pixels, the resulting mean heat flux estimate is only 6% higher than the estimate based on the surface renewal model.
When the model is applied to real infrared images from field and laboratory experiments, it identifies cold streaks and reproduces surface temperature distribution very well. The model yields a bulk temperature estimate over each eddy. The bulk temperature estimates averaged over individual infrared images are very close to the estimates based on the surface renewal model using the method of Garbe et al. [2] . These conclusions, however, are preliminary since only two cases (one field and one laboratory with similar wind speeds) have been examined. The model should be applied to more data sets over a wide range of wind and wave conditions to determine its applicability.
Our method provides a new approach to estimate the mean bulk temperature and the mean heat flux from the surface infrared images. The method is more based on actual physical processes compared with the existing surface renewal model. In addition, the model may be used to investigate the near surface turbulence field in detail; it yields the distribution of eddy sizes and eddy intensities (surface divergence) under different wind and wave conditions. These will be subjects of our future investigation.
